Introduction
============

Lung cancer is a major cause of malignancy-related death in most developed countries, and lung cancer incidence in developing countries is increasing quickly.[@b1-ijn-8-1947] The lungs are a frequent site of metastasis, and more than 80% of deaths from lung cancer are attributed to the metastatic process.[@b2-ijn-8-1947] There are two main types of lung carcinoma: non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). NSCLC is a very invasive type of lung cancer and is more common.[@b3-ijn-8-1947] However, in clinics, current approaches for NSCLC therapy are still limited to surgical resection, radiotherapy, chemotherapy, or their combinations.[@b4-ijn-8-1947],[@b5-ijn-8-1947] These are highly aggressive or nonspecific, and are often accompanied by undesirable side effects and toxicity because the anticancer agents show conspicuous cytotoxicity to normal cells and tissues.[@b6-ijn-8-1947],[@b7-ijn-8-1947] The promises of nanotechnology in cancer research lie in the potential to solve these problems.[@b8-ijn-8-1947]

During past decades, a large number of anticancer drugs were identified in drug-discovery programs, but most of them are hydrophobic and poorly soluble. The challenges of drug-delivery systems have impelled industries to develop novel techniques for achieving high bioavailability. Paclitaxel (PTX) is one of the most potent anticancer drugs, and is widely used in the therapy of NSCLC.[@b9-ijn-8-1947],[@b10-ijn-8-1947] Nevertheless, the clinical use of PTX is limited by poor aqueous solubility, high toxicity, and low bioavailability.[@b11-ijn-8-1947] Taxol is one of the formulations of PTX that can be used in the therapy of NSCLS.[@b12-ijn-8-1947],[@b13-ijn-8-1947] However, Cremophor-EL, an adjuvant used in Taxol, has been found to have serious side effects, including hypersensitivity reactions, neurotoxicity, cumulative fluid retention, cardiotoxicity, and nephrotoxicity.[@b14-ijn-8-1947] Moreover, for PTX, it has been found that the concentration of drug in the lung is rather low, which is the reason for unsatisfactory therapeutic efficacy for NSCLC.[@b15-ijn-8-1947]

In order to reduce the severe side effects and increase the therapeutic efficacy of PTX, the development of drug-delivery systems facilitating lung cancer treatment has shown significant progress. Nontoxic and safe nanoparticles (NPs) for delivering anticancer drugs to tumor cells and tissues are the hot spot in the field of medicine.[@b16-ijn-8-1947] In the last decade, several drug-delivery technologies based on biodegradable polymeric NPs were able to be easily controlled to achieve both active and passive drug targeting after parenteral administration.[@b17-ijn-8-1947] Increased vascular permeability coupled with damaged lymphatic drainage in tumor tissues allows an enhanced permeability-and-retention effect of the NPs at the site of tumors.[@b18-ijn-8-1947] NPs used as drug carriers have many important advantages, such as high encapsulation efficiency and drug-loading capacity, high stability, sustained release, and excellent feasibility of routes of administration like parenteral and dermal.[@b19-ijn-8-1947] A large number of anticancer drugs can be delivered by using NPs, such as docetaxel,[@b20-ijn-8-1947] puerarin,[@b21-ijn-8-1947] PTX, and doxorubicin.[@b22-ijn-8-1947],[@b23-ijn-8-1947] Furthermore, NPs can also be used as targeted administration to specific cells and organs.[@b24-ijn-8-1947]

Recently, some attention has been paid to biodegradable aliphatic polyesters, such as polylactide (PLA), polyglycolide (PGA), and poly(ε-caprolactone) (PCL), for applications in the field of drug delivery and tissue engineering.[@b25-ijn-8-1947],[@b26-ijn-8-1947] PCL has attracted considerable interest due to its excellent permeability to drugs, thermal properties, and biocompatibility. However, the rather high crystallinity of PCL decreases its compatibility with soft tissues and biodegradability. Moreover, the degradable speed of PCL is very slow.[@b27-ijn-8-1947],[@b28-ijn-8-1947] These drawbacks could hamper its application in drug-delivery systems. These problems can be surmounted by copolymerization of ε-caprolactone with other monomers. Also, PGA is not a perfect biomaterial for use in drug-delivery systems. The reason is that PGA has a very high melting temperature (about 220°C), and it is insoluble in common solvent.[@b27-ijn-8-1947] Copolymerization with other monomers, eg, lactide, ε-caprolactone, has been carried out to improve its physical properties.[@b29-ijn-8-1947] However, PGA-*co*-PCL has a high degree of hydrophobicity.[@b30-ijn-8-1947] PGA-*co*-PCL NPs can be rapidly removed by the reticuloendothelial system when they are intravenously injected into the body[@b31-ijn-8-1947],[@b32-ijn-8-1947] These drawbacks can be overcome by introduced D-α-tocopheryl polyethylene glycol (PEG) 2000 succinate (TPGS~2k~) to PGA, PCL, and PGA-*co*-PCL.[@b13-ijn-8-1947],[@b33-ijn-8-1947] TPGS, a water-soluble derivative of 2k natural vitamin E, is formed by esterification of vitamin E succinate with PEG 2000. The chemical structure of TPGS is hydrophilic polar head group and lipophilic alkyl tail. It is an excellent emulsifier and bioavailability enhancer of hydrophobic drugs. It has been reported that TPGS was able to enhance drug permeability through cell membranes by inhibition of P-glycoprotein activity[@b34-ijn-8-1947] Moreover, TPGS could significantly inhibit the growth of human lung cancer cells in vitro and in vivo.[@b35-ijn-8-1947]

In this paper, in order to combine the permeability of PCL with the faster degradation of PGA and the good antitumor effects of TPGS~2k~, we prepared a novel biodegradable diblock copolymer poly(glycolide-*co*-ε-caprolactone)-*b*-D-α-tocopheryl PEG 2000 succinate (\[PGA-*co*-PCL\]-*b*-TPGS~2k~) as drug carrier for lung cancer chemotherapy. PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were characterized by drug-loading capacity, encapsulation efficiency, morphology, in vitro drug release, cellular uptake, and cytotoxicity. In addition, the antitumor effect of PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was studied on an A-549 xenograft tumor model on severe combined immunodeficient mice. Commercial Taxol was chosen as the reference.

Materials and methods
=====================

Materials
---------

Stannous octoate (Sn\[Oct\]~2~), glycolide, and ε-caprolactone were purchased from Sigma-Aldrich (St Louis, MO, USA). D-α-TPGS~2k~ was kindly supplied by Shanghai Yare Biotech, (Shanghai, People's Republic of China). PTX was purchased from Meilian Pharm (Chongqing, People's Republic of China). Acetonitrile and methanol (ChromAR, high-performance liquid chromatography \[HPLC\] grade) were purchased from Mallinckrodt Baker (Philipsburg, NJ, USA). All other chemicals were of the highest quality commercially available and were used as received. Human lung cancer cell line A-549 was supplied by the Shanghai Institute of Cell Biology (Shanghai, People's Republic of China).

Synthesis of block amphiphilic copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~
--------------------------------------------------------------------

Block amphiphilic copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ was synthesized from glycolide, ε-caprolactone, and TPGS~2k~ in the presence of Sn(Oct)~2~ as a catalyst by ring-opening copolymerization, as shown in [Figure 1](#f1-ijn-8-1947){ref-type="fig"}. Briefly, weighted amounts of glycolide, ε-caprolactone, TPGS~2k~, and Sn(Oct)~2~ (0.1 mol% of monomers) were added in a glass tube that was connected to a vacuum system. Then, an exhausting--refilling with nitrogen process was repeated three times. The tube was sealed and heated to 150°C in an oil bath for 12 hours. After the reaction tube was cooled to room temperature, the resulting product was dissolved in dichloromethane and then precipitated in excess cold methanol to purify the products. The final product, named (PGA-*co*-PCL)-*b*-TPGS~2k~, was collected by filtration and vacuum-dried at 40°C for 2 days (90.3% yield).

Characterization of copolymer (PGA-*co*-PCL)-*b*-TPGS
-----------------------------------------------------

Proton nuclear magnetic resonance ([@b1-ijn-8-1947]H NMR) imaging (AMX 500; Bruker, Billerica, MA, USA) was used to confirm the structure of synthesized (PGA-*co*-PCL)-*b*-TPGS~2k~, and CDCl~3~ was used as a solvent. Gel permeation chromatography (GPC) (150C; Waters, Milford, MA, USA) was used to obtain molecular weight and molecular weight distribution. The eluent was tetrahydrofuran with 1 mL/minute flow rate. The glass transition temperature of copolymer was detected by differential scanning calorimetry (Netzsch, Selb, Germany) with 5--10 mg samples. The temperature ranged from 0°C to 100°C at a heating rate of 5°C/minute.

Formulation of PTX-loaded nanoparticles
---------------------------------------

PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were prepared by modified solvent extraction/evaporation.[@b36-ijn-8-1947] Briefly, a given amount of PTX and 100 mg copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ were dissolved in 8 mL dichloromethane. The organic solution was gently poured into 100 mL of a 1% polyvinyl alcohol solution in water under stirring. The mixture was sonicated for 120 seconds at 25 W output to form an oil-in-water emulsion. The emulsion was then evaporated overnight under reduced pressure to remove dichloromethane. The resultant suspension of NPs was centrifuged at 20,000 rpm for 20 minutes and then washed three times to remove the emulsifier polyvinyl alcohol and unencapsulated drug. Particles were freeze-dried for 2 days. PTX-loaded poly(lactic-*co*-glycolic acid) (PLGA) NPs were prepared by the same procedure. Furthermore, the fluorescent coumarin 6-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were prepared in the same way, except the coumarin 6 was encapsulated instead of PTX.

Characterization of nanoparticles
---------------------------------

### Size and zeta potential

The particle size and size distribution were measured by a Mastersizer 2000 (Malvern Instruments, Malvern, UK). Before measurement, the freshly prepared particles were appropriately diluted. Data were obtained by the average of three measurements.

### Surface morphology

The surface morphology of NPs was examined by field-emission scanning electron microscopy (FESEM) using a JEOL (Tokyo, Japan) JSM-6700F system operated at a 5.0 kV accelerating voltage. To prepare samples for FESEM, the particles were fixed on the stub by double-sided sticky tape and then coated with a platinum layer by a JFC-1300 automatic fine platinum coater (JEOL) for 60 seconds.

### Drug-loading and encapsulation efficiency

The drug-loading content and encapsulation efficiency of NPs were assayed by HPLC (LC 1200; Agilent Technologies, Santa Clara, CA, USA), in accordance with the literature.[@b37-ijn-8-1947] In summary, 5 mg NPs were dissolved in 1 mL dichloromethane under vigorous vortexing. This solution was transferred to 5 mL mobile phase consisting of deionized water and acetonitrile (50:50, v/v). A nitrogen stream was introduced to evaporate the dichloromethane for about 15 minutes, and then a clear solution was obtained for HPLC analysis. A reverse-phase C18 column (250 mm × 4.6 mm; GL Science, Tokyo, Japan) was used. The flow rate of the mobile phase was 1 mL/minute. The column effluent was detected using an ultrviolet detector at λ~max~ of 227 nm. The drug-encapsulation efficiency was calculated as the ratio between the amount of PTX encapsulated in the NPs and that feeding into the process. Each batch was performed in triplicate.

### In vitro drug release

Dialysis was used to examine the drug release in vitro.[@b38-ijn-8-1947] In brief, 15 mg of NPs was dispersed in 5 mL of phosphate-buffered saline (PBS; containing 0.1% w/v Tween 80), pH + 7.4. The suspension was put into a standard-grade regenerated cellulose dialysis membrane (Spectra/Por6, molecular weight cutoff + 3500; Spectrum, Houston, TX, USA). The closed bag was then put into a centrifuge tube and immersed in 15 mL of release medium PBS. The tube was put into a water bath shaking at 120 rpm at 37°C. Quantitative samples were taken at various time intervals for analysis and replaced with fresh medium. The latest collected samples were extracted by 2 mL of dichloromethane and reconstituted in 5 mL of the mobile phase. The dichloromethane was removed in an N~2~ stream. The analysis method was similar to the measurement of drug-loading content and encapsulation efficiency. Each batch was performed in triplicate.

Cellular uptake of nanoparticles
--------------------------------

Human lung cancer cell line A-549 was cultured in Dulbecco's modified essential medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and antibiotics. A-549 cells at an initial density of 1 × 10^4^ cells/well were plated in 96-well plates. The culture was kept in 95% air humidified atmosphere containing 5% CO~2~ at 37°C. The cells were incubated with 250 μg/mL coumarin 6-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs at 37°C for 4 hours, washed with cold PBS three times, and then fixed with methanol for 20 minutes. Cells were stained with propidium iodide (PI) for 30 minutes and washed twice with PBS. In order to observe the cells, the chambers were mounted onto a confocal laser scanning microscope (Fluoview FV-1000; Olympus, Tokyo, Japan) with imaging software. The images of the cells were determined with differential interference contrast channel, and the images of coumarin 6-loaded NPs and the nuclei of the cells stained by PI were recorded with following channels: red channel (PI) with excitation at 430 nm and green channel (coumarin 6) with excitation at 485 nm.

In vitro cytotoxicity
---------------------

A-549 cells were seeded in 96-well plates (Sigma-Aldrich) at a density of 5000 viable cells per well and incubated for 24 hours to allow cell attachment. The cells were incubated with the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NP suspension and Taxol at equivalent drug concentrations ranging from 0.25 to 25 mg/mL for 24, 48, and 72 hours. The drug free (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs with the same amount of NPs. At designated time intervals, the formulations were replaced with DMEM containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 5 mg/mL) and cells were then incubated for an additional 4 hours. MTT was aspirated off and dimethyl sulfoxide was added to dissolve the formazan crystals. Absorbance was measured at 570 nm using a microplate reader. Untreated cells were taken as control with 100% viability, and cells without addition of MTT were used as blanks to calibrate the spectrophotometer to zero absorbance.

In vivo antitumor efficacy and side-effect analysis
---------------------------------------------------

The tumor growth-inhibitory activities of PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were assessed in a nude mice bearing A-549 cells xenograft model, which was reported by Zhang et al.[@b39-ijn-8-1947] In brief, A-549 cells (0.1 mL) in the culture medium were implanted into the subcutaneous space of the right-limb armpit of mice at a dosage of 2 × 10^7^ cells/mouse. After inoculation of A-549 cells, the tumor growth in each mouse was closely observed. The tumor volume was monitored with a caliper every 2 days until the 16th day. Tumor volume can be calculated from the formula: (π/6) × larger diameter × (smaller diameter)^2.40^ When the tumor volume achieved about 100 mm^3^, the mice were randomly divided into three groups (each group, n + 5), which were subject to intratumoral injection of the (PGA-*co*-PCL)-*b*-TPGS~2k~ nanoformulation, Taxol (10 mg/kg PTX dose), and saline, respectively. Mice were closely observed for clinical signs and behavior. Intratumoral injection was given at days 0, 4, 8, and 12 for four consecutive cycles. Furthermore, in order to estimate the side effects of the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs, body weight of the mice was recorded during the treatment.

Statistical methodology
-----------------------

All experiments were repeated at least three times unless otherwise stated. Statistical analysis (*t*-test) was performed with SPSS 16.0 software (IBM, Armonk, NY, USA). *P* \< 0.05 was considered to indicate statistical significance for all comparisons.

Results and discussion
======================

Characterization of block copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~
---------------------------------------------------------------

The copolymerizations of glycolide and 8-caprolactone were carried out with initiator TPGS~2k~ and Sn(Oct)~2~ as a catalyst in bulk at 150°C to synthesize biodegradable block copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ In order to demonstrate the formation of copolymer, [@b1-ijn-8-1947]H NMR in CDCl~3~ was recorded and is presented in [Figure 2](#f2-ijn-8-1947){ref-type="fig"}. The peak at 1.38 ppm (f), 1.65 ppm (e), 2.31 ppm (d) and 4.05 ppm (b) are assigned to ε-CL repeating unit (--C**H**~2~C**H**~2~C**H**~2~C**H**~2~C**H**~2~--), (--C**H**~2~C**H**~2~C**H**~2~C**H**~2~C**H**~2~), (COC**H**~2~) and (C**H**~2~ OCO), respectively The peak at 4.82 ppm (a) was assigned to the methylene protons (--C**H**~2~--) of PGA segment. The peak at 3.65 ppm (c) was assigned to the (--C**H**~2~--) protons of PEG part of TPGS~2k~.[@b41-ijn-8-1947] The molecular weight of (PGA-*co*-PCL)-*b*-TPGS~2k~ was calculated from the peak areas' integral ratios of 1.38 ppm, 4.82 ppm, and 3.65 ppm, and the number-averaged molecular weight of the copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ was determined by [@b1-ijn-8-1947]H NMR to be 21,970. The molecular weight and polydispersity index (PDI) of copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ determined by GPC were 20235 and 1.25, respectively. The molecular weight detected from GPC and [@b1-ijn-8-1947]H NMR can demonstrate each other. The glass transition temperature of copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ was 37.6°C, which was obtained by differential scanning calorimetry analysis.

Characterization of nanoparticles
---------------------------------

The size and size distribution of the PTX-loaded NPs in this research are presented in [Table 1](#t1-ijn-8-1947){ref-type="table"}. Physicochemical characteristics, such as particle size and surface properties, play an important role in in vitro drug release, cytotoxicity, and cellular uptake of these NPs, as well as their in vivo pharmacokinetics and biodistribution. Therefore, they affect the therapeutic efficacy of the anticancer drug.[@b42-ijn-8-1947] The size of the NPs was 200--260 nm in diameter, which is in the excellent size range for cellular uptake of nanoparticles.[@b43-ijn-8-1947] The size of the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was much smaller than that of the PLGA NPs; this was probably due to the self-emulsifying function of the TPGS~2k~ component in the copolymer. The PDI of PTX-loaded PLGA NPs and (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was 0.153 and 0.126, respectively. The PDI of (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was lower than that of the PLGA NPs. This could be also attributed to the TPGS~2k~ component in the copolymer. As can be seen from [Table 1](#t1-ijn-8-1947){ref-type="table"}, the drug-loading content and encapsulation efficiency of polymer (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were higher than PLGA NPs. Furthermore, the encapsulation efficiency of (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs could achieve around 100% at about 10% drug-loading content.

The zeta potential of NPs is a crucial factor for stability in suspension through the electrostatic repulsion between the NPs, interaction with the cell membrane in vivo, and judgment of component onto the NP surface.[@b44-ijn-8-1947] The PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs showed a negative surface charge of around −31.2 mV. Compared with the polymer PLGA NPs, the zeta potential of which was around −21.4 mV, an increase in the absolute value of the zeta potential could be found for the polymer PLGA NPs, which may lead to higher dispersion stability. As is known to us, the higher absolute value of the zeta potential means a more stable suspension for NPs.[@b45-ijn-8-1947],[@b46-ijn-8-1947]

The surface morphology of the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was investigated by FESEM. [Figure 3A](#f3-ijn-8-1947){ref-type="fig"} shows the FESEM image for PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs. The NPs seemed to be about 200 nm in diameter and have smooth surface within the resolution level. Furthermore, the FESEM images demonstrated the particle size detected by the Malvern Mastersizer, which is based on dynamic light scattering ([Figure 3B](#f3-ijn-8-1947){ref-type="fig"}).

The in vitro drug-release profiles of the PTX-loaded NPs in the first 30 days are displayed in [Figure 4](#f4-ijn-8-1947){ref-type="fig"}. The drug release from the (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was found to be 36.21% and 74.38% of the encapsulated drug in the first 5 days and after 30 days, respectively, which was much faster than that of the PLGA NPs, which was just 17.19% and 43.53% in the same times, respectively. The faster drug release of the (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs may be attributed to the higher hydrophilicity of (PGA-*co*-PCL)-*b*-TPGS~2k~ copolymer in comparison with the PLGA NPs. It leads to the copolymer swelling and degrading more quickly.[@b47-ijn-8-1947] Moreover, the drug release from the (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was also faster than PLGA-TPGS NPs. This could be ascribed to the higher hydrophilicity of the PGA-*co*-PCL core than the PLGA core.[@b48-ijn-8-1947] In comparison with the PLGA NPs, which were observed to release the PTX too slowly to meet the treatment effect for lung carcinoma, this is another reason for choosing (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs when applied to cancer therapy.

Cellular uptake of coumarin 6-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ nanoparticles
------------------------------------------------------------------------------

As is well known, the therapeutic effects of the drug-loaded NPs depend on internalization and sustained retention of the NPs by the abnormal cells. Although in vitro and in vivo bioprocesses are much different, the in vitro investigation could provide some preliminary evidence to display advantages of drug-loaded NPs versus free drug. Coumarin 6, a fluorescence molecule, has been generally used as a probe for marking NPs in cellular uptake research. Coumarin 6 was used for replacing the PTX in the NPs to visualize and analyze cellular uptake of biodegradable NPs.[@b41-ijn-8-1947] [Figure 5](#f5-ijn-8-1947){ref-type="fig"} displays confocal laser scanning microscopy images of the A-549 lung cancer cells after 24 hours' incubation with the coumarin 6-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NP suspension in DMEM at 250 μg/mL NP concentration. The images were obtained from (A) the EGFP (green) channel; (B) the PI (red) channel; and (C) the overlay of the two channels. As can be seen from [Figure 5](#f5-ijn-8-1947){ref-type="fig"}, the coumarin 6-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs (green) were closely located around the nuclei (red, stained by PI), suggesting the NPs had been internalized into the cells. These results were in good agreement with another report.[@b49-ijn-8-1947]

Assessment of nanoparticle cytotoxicity
---------------------------------------

Human lung cancer cell line A-549 was used to research the cytotoxicity of nanoparticles, which was compared with the commercial formulation Taxol. The PTX-loaded NPs were sterilized by gamma rays to exclude any contamination effect, then were suspended and cultured with A-549 cells. [Figure 6](#f6-ijn-8-1947){ref-type="fig"} shows the viability of A-549 cells after 24, 48, and 72 hours of cell culture with PTX formulated in the (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs, respectively, in comparison with that of the Taxol formulation at the same 0.25, 2.5, and 25 μg/mL PTX dose. As shown in [Figure 6](#f6-ijn-8-1947){ref-type="fig"}, the synthesized copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ seems to be nontoxic in cell culture, since no significant cytotoxic activity was found for the drug-free (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs at various concentrations.

The A-549 cell viability after 24 hours' incubation at a drug concentration of 2.5 μg/mL was 82.6% ± 3.8% for Taxol and 78.5% ± 4.1% for (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs. However, compared with commercial Taxol, the cytotoxicity of A-549 cell increased by 33.7% (*P* \< 0.05, n + 5) and 160.9% (*P* \< 0.05, n + 5) for PTX-loaded NPs after 48 and 72 hours of incubation at a drug concentration of 2.5 μg/mL, respectively. As time went by, the drug-loaded NPs showed better and more therapeutic effects for A-549 cells than commercial Taxol. This is because the (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs release only part of the drug after 24, 48, and 72 hours ([Figure 4](#f4-ijn-8-1947){ref-type="fig"}).[@b48-ijn-8-1947] Release started from 0, while Taxol quickly became 100% available for the A-549 cells in culture. In summary, the PTX-loaded NPs have excellent cytotoxicity for A-549 cells, and the copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ that formulated NPs is safe and nontoxic.

In vivo antitumor efficacy and side-effect analysis
---------------------------------------------------

The antitumor efficacy of the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was investigated in A-549 cell-bearing nude mice. [Figure 7](#f7-ijn-8-1947){ref-type="fig"} shows the tumor growth observed for 16 days in the mice injected with PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs, Taxol, and physiological saline (control). The mice were intratumorally injected with PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs and Taxol every 4 days for four consecutive cycles. The tumor size was recorded every 2 days until the 16th day. The average tumor-volume growth is shown in [Figure 7](#f7-ijn-8-1947){ref-type="fig"}. As can be seen from [Figure 7](#f7-ijn-8-1947){ref-type="fig"}, the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs and Taxol obviously slowed down the tumor growth of mice in comparison with the saline. It can be seen that the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NP group presented the lowest tumor-growth rate among the three groups. The results of the antitumor-efficacy experiment indicated that PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs could be released from the NPs effectively and the released PTX maintained its bioactivity, which is important for clinical applications.

Minimization of the side effects of drug-loaded NPs is one of the main concerns when developing novel drug-delivery vehicles. The change in body weight of the nude mice is an important index to evaluate systemic adverse effects. [Figure 8](#f8-ijn-8-1947){ref-type="fig"} presents the variation in body weight of nude mice in all groups. As shown in [Figure 8](#f8-ijn-8-1947){ref-type="fig"}, the obvious body-weight loss was observed for the Taxol and saline groups, especially the Taxol group. However, the group injected with PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs had a stable body weight. The mice treated with PTX-loaded NPs kept a vigorous and healthy appearance throughout the full experiment. Nevertheless, the mice treated with Taxol showed weakened vitality, and one of the six mice died. These observations indicated that the side effects of mice injected with PTX-loaded NPs were fewer than with Taxol. Similar results were obtained by Zhang and coworkers.[@b39-ijn-8-1947]

Conclusion
==========

In this paper, the novel biodegradable (PGA-*co*-PCL)-*b*-TPGS~2k~ was successfully synthesized for NP formulation of PTX for lung carcinoma therapy. The PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were prepared by modifiedsolvent extraction/evaporation. The size of the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs was about 200 nm, and they had a smooth surface. The drug-loading content and encapsulation efficiency of polymer (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs were higher than PLGA NPs. The PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs could achieve much faster drug release in comparison with PLGA NPs. Assessment of cytotoxicity suggested that the PTX-loaded (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs had higher cytotoxicity against A-549 cells than Taxol. A xenograft tumor model on nude mice indicated that PTX formulated in the (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs could more effectively inhibit tumor growth and more significantly reduce side effects than could Taxol. In conclusion, the amphiphilic copolymer (PGA-*co*-PCL)-*b*-TPGS~2k~ could provide a promising polymeric material for a PTX-delivery vehicle in lung cancer therapy.
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![(**A**--**C**) Confocal laser scanning microscopy images of A-549 cells after 4 hours' incubation with coumarin 6-loaded poly(glycolide-*co*-ε-caprolactone)-*b*-D-α-tocopheryl polyethylene glycol 2000 succinate nanoparticles.\
**Note:** The coumarin 6-loaded nanoparticles were green and the cells were stained by propidium iodide (PI) (red). The cellular uptake was visualized by overlaying images obtained by enhanced green fluorescent protein (EGFP) and PI filters. (**A**) EGFP channel, green; (**B**) PI channel, red; (**C**) combined EGFP channel and PI channel.](ijn-8-1947Fig5){#f5-ijn-8-1947}

![Viability of A-549 cells cultured with paclitaxel (PTX)-loaded poly(glycolide-*co*-ε-caprolactone)-*b*-D-α-tocopheryl polyethylene glycol 2000 succinate nanoparticles (\[PGA-*co*-PCL\]-*b*-TPGS~2k~ NPs) in comparison with that of Taxol at the same PTX dose and drug-free (PGA-*co*-PCL)-*b*-TPGS~2k~ NPs with the same amount of NPs. (**A**) 24 hours; (**B**) 48 hours; (**C**) 72 hours.](ijn-8-1947Fig6){#f6-ijn-8-1947}

![Tumor-growth curve of nude mice bearing A-549 cells xenograft after intratumoral injection with paclitaxel-loaded poly(glycolide-*co*-ε-caprolactone)-*b*-D-α-tocopheryl polyethylene glycol 2000 succinate nanoparticles (\[PGA-*co*-PCL\]-*b*-TPGS~2k~ NPs), Taxol, and saline (*P* \< 0.05, n + 5).](ijn-8-1947Fig7){#f7-ijn-8-1947}

![The variation in body weight of nude mice bearing A-549 cells xenograft treated with paclitaxel-loaded poly(glycolide-*co*-ε-caprolactone)-*b*-D-α-tocopheryl polyethylene glycol 2000 succinate nanoparticles (\[PGA-*co*-PCL\]-*b*-TPGS~2k~ NPs), Taxol, and saline (*P* \< 0.05, n + 5).](ijn-8-1947Fig8){#f8-ijn-8-1947}

###### 

Characterization of paclitaxel-loaded nanoparticles (n + 3)

  Polymer                       Size (nm)     PDI     ZP (mV)       LC (%)   EE (%)
  ----------------------------- ------------- ------- ------------- -------- --------
  PLGA                          263.5 ± 7.4   0.153   −21.4 ± 1.8   8.17     82.3
  (PGA-*co*-PCL)-*b*-TPGS~2k~   202.1 ± 5.3   0.126   −31.2 ± 2.7   9.76     96.5

**Abbreviations:** PDI, polydispersity index; ZP, zeta potential; LC, loading content; EE, encapsulation efficiency; PLGA, poly(lactic-*co*-glycolic acid); (PGA-*co*-PCL)-*b*-TPGS~2k~, poly(glycolide-*co*-ε-caprolactone)-*b*-D-α-tocopheryl polyethylene glycol 2000 succinate.
